In nucleus basalis neurons, substance P (SP) causes a slow excitation, mediated through a pertussis toxininsensitive G protein, by suppressing an inward rectifier K ÷ channel. Here we report that SP applied outside the patch pipette inhibited the single-channel activity, recorded on-cell, of the inward rectifier. The PKC inhibitors staurosporine and PKC(19-36) suppressed this effect in whole-cell mode and in on-cell singlechannel mode. A diacylglycerol analog mimicked the SP effect, and PKC(19-36) suppressed this analog effect. SP irreversibly suppressed the inward rectifier in neurons treated with okadaic acid. These results indicate that a diffusible messenger mediates the SP effect, that its signal transduction involves phosphorylation by PKC, and that dephosphorylation by a serine/ threonine protein phosphatase mediates its recovery.
Introduction
Substance P (SP), a neuropeptide belonging to the tachykinin family (von Euler and Gaddum, 1931; Chang and Leeman, 1970) , produces slow excitation in many kinds of neurons (Otsuka et al., 1972; Nicoll et al., 1980; Nakajima and Nakajima, 1994) .
In the basal forebrain, there are nuclei containing cholinergic neurons. These cholinergic neurons widely innervate the cerebral cortex and play an important role in cognition and memory. Their degeneration is believed to be one of the causes of dementia in Alzheimer's disease (Coyle et al., 1983; Terry and Katzman, 1983) . These cholinergic neurons are innervated by nerve endings containing SP (Bolam et al., 1986; Beach et al., 1987) . Previously, we reported that SP excites cholinergic neurons cultured from the nucleus basalis of Meynert in the basal forebrain . Furthermore, we found that SP excites such neurons by suppressing an inward rectifier K ÷ current (Stanfield et al., 1985; Yamaguchi et al., 1990) . This SP effect on the inward rectifier is mediated by a pertussis toxin (PTX)-insensitive G protein (Nakajima et al., 1988 ). Yet, there remains the important question of whether the PTX-insensitive G protein suppresses the inward rectifier directly or indirectly through other messengers. tPresent address: Department of Cell Physiology and Pharmacology, University o1 Leicester, Leicester, LE1 7RH, England. SP stimulates phosphoinositide hydrolysis by activating phospholipase C (PLC) in neurons (Hanley et al., 1980; Watson and Downes, 1983; Pfaffinger et al., 1988) . The phosphoinositide hydrolysis produces two second messengers, inositol-l,4,5-trisphosphate and diacylglycerol, an activator of protein kinase C (PKC; Nishizuka, 1984) . In the present study, we have tested whether PKC mediates the SP effect on the inward rectifier K ÷ channel, using the whole-cell clamp and single-channel recording methods. Our results show that SP action on the inward rectifier K ÷ channel is mediated by a diffusible messenger, and that PKC-induced phosphorylation is probably the cause of inhibition of the inward rectifier. We have also found that dephosphorylation by a serine/threonine protein phosphatase induces a recovery from this suppression of the inward rectifier.
Results

PKC Inhibitors Abolished the Suppression of an Inward Rectifier K ÷ Current by SP:
Whole-Cell Recordings SP activates PLC, which stimulates phosphoinositide turnover (Hanley et al,, 1980; Watson and Downes, 1983; Pfaffinger et al., 1988) ; this stimulation eventually leads to an activation of PKC (Nishizuka, 1984) . We therefore performed experiments to test whether PKC plays a role in the inhibition of the inward rectifier by SP. We examined the effect of PKC inhibitors on the SP-induced response in cultured nucleus basalis neuron• using the whole-celt patch-clamp technique. Figure 1A shows the effect of SP (0.3 I~M) on a control neuron with a holding potential of -77 mV. Recurrent depolarizing (20 mV) and hyperpolarizing (-50 mV) command voltage pulses were applied to monitor the membrane conductance. SP induced a long-lasting inward current accompanied by a conductance decrease; these effects are the results of a suppression of the inward rectifier K ÷ current (Stanfield et al., 1985; Yamaguchi et al., 1990) . In locus coeruleus neurons, SP initially activated a nonselective ionic conductance as well as caused a later decrease in K ÷ conductance by suppressing inward rectifier K ÷ currents (Koyano et al., 1993) . However, in neurons of the nucleus basalis, the initial increase in nonselective ionic conductance was infrequent and small when it occurred; we shall therefore focus on the decrease in K ÷ conductance.
Staurosporine and PKC pseudosubstrate PKC(19-36) were used as PKC inhibitors. Staurosporine is a broad spectrum protein kinase inhibitor particularly effective on PKC (Tamaoki et al., 1986) . In contrast, PKC(19-36) is a specific inhibitor of PKC (House and Kemp, 1987) . Staurosporine (100 nM in 0.01% dimethyl sulfoxide [DMSO] ) was applied in the bath for 40 min. Compared with the control (in the standard external solution; Figure 1E , legend), SP induced a much smaller inward current and a conductance decrease ( Figure 1B) . The specific PKC inhibitor peptide (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) . In the control, the normal external solution was used. In a different experiment (using another batch), we compared the SP effect in the normal external solution (28% _ 8.6°/0, mean _ SD; n = 7) and the SP effect in the normal external solution with 0.01% DMSO(32% -12%; n = 7); the difference was not significant (p = .45). The percentage of inhibition was calculated by dividing the inhibition of conductance at 20 s after SP application by the conductance before its application. The resting potential of the PK1(5-24) group was -75 _+ 6 mV (n = 13), and that of the PKC(19-36) group was -76 ---3 mV (n = 13). Asterisks indicate significant differences (p < .0001). Each value is mean _+ SD (n = 13).
PKC(19-36) was applied intracellularly through a patch pipette; the patch pipette had a resistance of 2.0-3.5 MQ and contained [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . After breaking the patch membrane, we waited 15-20 min to assure the introduction of the peptide into the neuron. In such a neuron, the SP effect on the inward rectifier K ÷ current was almost abolished ( Figure 1D ).
As a control for the PKC(19-36) experiments, the same concentration (20 ~M) of a protein kinase A (PKA) inhibitor peptide, PK1(5-24), was introduced into a neuron by the same method. In such a neuron, SP produced a longlasting inward current with a conductance decrease (Figure 1C) , the same response seen in the control for the staurosporine experiments ( Figure 1A) . Figure 1E summarizes the percentage reduction of membrane conductance at 20 s after the application of SP. The mean conductance decrease caused by SP in staurosporine-pretreated neurons (13% _ 7%; n = 13) was significantly smaller (p < .0001) than that of the control neurons (46% _ 14% ; n = 13). The conductance decrease in neurons loaded with the PKC inhibitor PKC(19-36) (100/0 _ 8%; n = 13) was also significantly smaller (p < .0001) than that in neurons loaded with the PKA inhibitor PK1(5-24) (40% _+ 10%; n = 13). The conductance decrease in the control neurons and that in the neurons loaded with PK1(5-24) were not significantly different from each other (p = .24). In addition, as another control, the same experimental procedures (waiting for 15-20 min) were followed using patch pipettes containing the same peptide inhibitor solution, but without the peptide inhibitors themselves. In this group the SP-induced inhibition was 49% _ 15%, which is not significantly different from the PK1(5-24) group. These results indicate that PKC is involved in the signal transduction of the SP-induced inhibition of the inward rectifier K ÷ current.
A Diffusible Messenger Modulates the SP Effect:
Single-Channel Study SP effects on nucleus basalis neurons were investigated using the on-cell mode of single-channel recording. The patch pipette contained 156 mM K ÷, and the patch potential inside was 27 mV more negative than the resting potential. As seen in Figures 2A1 and 2A2 , we observed singlechannel activities that occurred spontaneously (without agonists in the patch pipette). SP (0.3 pM), applied to the cell membrane outside the patch pipette, inhibited these spontaneous channel activities, which gradually recovered ( Figure 2A1 ). Together with the inhibition of channel activity, single-channel current amplitudes were also reduced (by 26% at the peak of the SP effect), probably reflecting SP-induced cell depolarization. Parts of the Figure 2A1 record are shown on a faster time scale in Figures 2A2-2A4 . Notice that 5 s after the SP application, the single-channel activity was almost completely suppressed ( Figure 2A3 ). The time course of the SP-induced inhibition of these channel activities was analyzed by computing the open channel probability of the patch (Npo) at 2 s intervals (see Experimental Procedures). to Figure 2A (i.e., -2 pA), and in 40 patches out of these 42, the activity was inhibited by SP. Since SP was applied outside of the patch region, this result suggests that the suppression of the inward rectifier K ÷ current by SP is mediated by a diffusible messenger. The properties of the channels in Figure 2A were analyzed ( Figures 2C and 2D ). The amplitude histogram showed a single peak at 1.88 pA. The closed-time histogram was fit by two exponentials (~1 = 0.478 ms, ~2 = 30.6 ms; Figure 2C ). The open-time histogram was fit by two exponentials (T1 --0.740 ms, "~2 = 1.94 ms; Figure  2D ). The mean parameters of the open time were "~1 = 0.21 __+ 0.09 ms, ~2 = 1.9 _ 0.3 ms, and al = 0.7 + 0.2 (n = 9), where a~ is the normalized area of the fast exponential component. With a I kHz filter, events whose durations are as brief as 180 Us should be detected, though the duration will be underestimated by a cursor set at 50% (Colquhoun, 1994) . Nonetheless, it is clear that open-time distributions contained fast and slow components.
AI SP
Single-channel currents at various voltages are shown in Figure 3A . In this experiment, we applied SP twice at 27 mV hyperpolarized and 123 mV depolarized from rest and observed that the channel activities were inhibited by SP at each potential level, suggesting that the recorded activities at all levels represent SP-sensitive channels. For each potential level, single-channel currents were analyzed for a 10 s period. The mean current amplitudes were determined and plotted against the membrane potential ( Figure 3B ); this figure shows that the unitary current rectifies in the inward direction. A similar inward rectification was observed in 3 other patches. The mean singlechannel conductance at 27 mV hyperpolarized from rest (conductance was measured from the slope of the line crossing the reversal potential) was 18.7 _+ 0.4 pS (n = 4), whereas that at 123 mV depolarized from rest was 9.1 __. 2.9 pS (n = 4). Figure 3B ) appears to be less than the inward rectification observed in whole-cell recordings (Stanfield et al., 1985; Yamaguchi et al., 1990) . The steeper rectification in whole-cell recordings could be explained by assuming that hyperpolarization increases Npo, resulting in larger whole-cell currents.
To test whether sufficient second messenger may be generated from receptors within a membrane patch, we recorded single-channel activity in the cell-attached mode with 0.3 ~M SP in the patch pipette. Just after seal formation, single-channel activity (-2 pA), similar to that described above, was found in only 2 out of 12 patches (12 cells) with SP present; in contrast, such activity was found in each of 12 control patches (12 cells) in the absence of SP.
PKC Is Involved in the SP Effect: Single-Channel Study
To examine the role of PKC in the SP-induced inhibition of the single-channel activities, we injected 500 I~M PKC(19-36) (a specific PKC inhibitor), 500 I~M PK1(5-24) (a specific PKA inhibitor), or a control solution (the same solution used for the inhibitors but without the peptide) into cultured neurons. Intracellular injection was performed with an Eppendorf microinjection instrument (Eppendorf North America, Inc.; see the detailed injection method in Experimental Procedures), and SP (0.3 ~M) effects were examined 34-140 min after intracellular injection. In the PKC(19-36)-injected neurons, SP did not affect singlechannel activity (Figures 4A and 4B) . Figure 4C summarizes the SP-induced inhibition of Npos. The ordinate is the decrease in Npo caused by SP (measured over a 10 s period, starting 2 s after SP application) in reference to the Npo just before the SP application (measured over a 10 s period). Data were obtained from 10 cells for each experiment. There was almost no SP-induced inhibition of Npos in the PKC(19-36)-injected cells, whereas in the PKl(5-24)-injected cells, the inhibition was quite pronounced ( Figure 4C ). Another control, in which we did not inject any substance, behaved like the PKl(5-24)-injected cells ( Figure 4C ). This result indicates that PKC is involved in the SP-induced inhibition of channels.
The SP-induced inhibition of the single-channel activities observed here is more pronounced than the SP-induced inhibition of the whole-cell current. There are several possible reasons. First, in the cell-attached configuration, the SP-induced depolarization of the cell reduced the amplitudes of single-channel currents so that some brief currents might have been missed, resulting in an overestimate of the reduction of Npo. Second, a substantial part of the whole-cell current reflects current through SP-insensitive channels, which were not observed during singlechannel recordings. This factor is important since wholecell currents were measured with a 5 mM K ÷ external solution, whereas the single channels were recorded with a high K ÷ solution. Third, in the whole-cell mode, important cytosol components, such as Ca 2÷, are washed out, and therefore the SP effect might have been smaller than that in intact cells.
A PKC Activator Mimicked the SP Effect, and This Effect Was Inhibited by a PKC Inhibitor
To test whether a PKC activator mimics the SP effect, we investigated the response of nucleus basalis neurons to a considerably water-soluble, cell-permeable diacylglycerol analog, 1,2-sn-dioctanoylglycerol (DOG; Lapetina et al., 1985) . Under the whole-cell clamp, application of DOG (10 I-LM) by puff ejection induced an inward current, accompanied by a reduction of the membrane conductance (Figure 5A ). This response, however, was smaller than that induced by SP (compare Figure 5A with Figure 1A ), possibly because the accessibility of DOG to the cells may be limited. Also, stimulation by SP may entail an increase in the intracellular [Ca 2÷] (Pfaffinger et al., 1988) , together with an activation of PKC, whereas the external application of DOG would not increase the intracellular [Ca2÷] . This difference could be important since PKC activation by diacylglycerol is facilitated by a high [Ca 2÷] (Takai et al., 1984) . Figure 5C shows the current-voltage relation of the DOG-sensitive current, obtained by subtracting the current while DOG was effective from the control current. It shows an inward rectification with an average reversal potential of -88.3 -.+ 4.8 mV (n = 5), which was close to the calculated equilibrium potential for K ÷ (-86.3 mV at 20°C).
When neurons were loaded with 20 I~M PKC(19-36) through patch pipettes, application of DOG produced almost no response ( Figure 5B ). As summarized in Figure  5D , the conductance decrease caused by DOG in the PKC(19-36)-Ioaded cells was significantly smaller (p < .006) than that in the PKl(5-24)-Ioaded cells.
We also investigated the effect of DOG on singlechannel activities recorded with the cell-attached mode ( Figure 5E ). The application of DOG (20 ~M) outside the patch pipette inhibited the single-channel activity ( Figures  5E1-5E3 ). The effect of DOG on Npo is shown in Figure  5F . Npo was significantly decreased by DOG ( Figure 5F ); the DOG-induced inhibition of Npo, measured in the same way as in the SP-induced inhibition (see Figu re 4C, legend) was 69% _+ 24 %(n = 9), suggesting that the DOGinduced inhibition was less than the SP-induced inhibition. The time course was similar to that of the SP inhibition of single-channel activities (see Figure 2B) . The results of the whole-cell experiments and single-channel recordings strongly suggest that the external application of the diacylglycerol analog mimics the SP effect, and that this effect is mediated by the activation of PKC. (D) Inhibition of the membrane conductance by the second SP application, which followed 10 rain after the first. The inhibition was expressed in reference to the conductance before the second SP application. An asterisk indicates a significant difference (p < .0001), Each value is mean __+. SD (n = 6).
A Serine/Threonine Protein Phosphatase Is Involved in the Mechanism for Recovery from the SP Effect
The results so far described indicate that PKC mediates the SP-induced suppression of the inward rectifier K ÷ channel. A simple hypothesis is that phosphorylation of the inward rectifier itself or of another mediator is the mechanism for the channel closing. Therefore, we suspected that dephosphorylation of the channel (or of another mediator) might lead to recovery from the SPinduced channel closing. PKC is a member of the serine/ threonine protein kinase family (Nishizuka, 1984) . Thus, we have examined the effect of a phosphatase inhibitor, okadaic acid, on the SP-induced suppression of the inward rectifier K ÷ channel, Okadaic acid is a selective inhibitor of protein phosphatase type 1 and type 2A, both of which are serine/threonine protein phosphatases (Bialojan and Takai, 1988 ; Nairn and Shenolikar, 1992). Figure 6A shows an SP-induced response under wholecell clamp in a control neuron that was treated with 0.01% DMSO for 40 min. A SP application resulted in a typical response, which recovered within 2 min. A second SP application, 10 min after the first, caused a similar response, but of a slightly smaller magnitude owing to desensitization ( Figure 6A ). In contrast, application of SP to an okadaic acid-treated neuron (100 nM for 40 min) induced a membrane conductance decrease that lasted indefinitely without recovery. The values of the series resistances before and after the application of SP to the okadaic acid-treated neuron were 6.3 M~ and 6.5 M~ (1.8 MQ and 1.7 MQ after electronic compensation), respectively, indicating that the long-lasting inhibition was not an artifact due to an increase in the series resistance. A second application of SP, which followed 10 min after the first one, did not produce a noticeable change in the conductance ( Figure 6B ). Figure 6C summarizes the data. In this figure the conductance (at 20 s, 2 min, and 4 rain after the first application of SP) was normalized by dividing by the conductance just before the SP application. In the control neurons (circles), the normalized membrane conductance was smallest around 20 s, and almost fully recovered within 4 min. In contrast, in the okadaic acid-treated cells, the conductance remained decreased without recovery. The maximum effect of SP was larger in the okadaic acid-treated cell than in the control; both the normalized conductance at 2 min and that at 4 min after the first appli-cation of SP were significantly different between the control neurons and the okadaic acid-treated neurons (p < .01 at 2 min and p < .0001 at 4 min; Figure 6C ). This result suggests that in the control cells the recovery processes had already started before the SP effect reached its maximum. Figure 6D shows the inhibition of the membrane conductance in the control and in the okadaic acid-treated neurons 10 min after the second application of SP. The second SP-induced inhibition was significantly smaller in the okadaic acid-treated neurons than in the control neurons (p < .0001). All above-mentioned experiments were conducted after a 40 min okadaic acid treatment. However, we also observed that SP produced an irreversible conductance inhibition in cells treated with okadaic acid for 10 min (n = 5).
We further investigated the okadaic acid effect on the SP-induced inhibition of single-channel activities using the cell-attached mode. In this experiment, neurons were also pretreated with 100 nM okadaic acid for 40 min, and then SP was applied. As seen in Figures 7A1-7A3 , SP application almost completely suppressed single-channel activities, and there was no recovery during the observation period (more than 10 min). Npos of this record are shown in Figure 7B . SP dramatically inhibited the single-channel activities without recovery. Similar results were obtained in 4 additional cells. On the average, Npo was reduced to the level of 7°/0 -+ 7% (n = 5), 180 s after the SP application. The results of the okadaic acid experiments suggest that dephosphorylation of the inward rectifier K ÷ channel by a serine/threonine protein phosphatase is a mechanism for the recovery from the SP-induced inhibition of the inward rectifier K ÷ channel.
Discussion
The SP Effect on the Inward Rectifier K + Channel Is Mediated by a Diffusible Messenger and PKC Stanfield et al. (1985) found that SP produces a slow excitation by suppressing an inwardly rectifying K ÷ conductance. This slow excitatory effect of SP is mediated by a PTX-insensitive G protein (Nakajima et al., 1988) . A recent investigation using antibodies has shown that this G protein is either Gq or G, (Takano et al., 1995, Biophys. J., abstract) . We started the present experiments to answer the question of whether this PTX-insensitive G protein inhibits the neuronal inward rectifier K ÷ channel directly or via another messenger.
The major findings of this investigation are as follows. First, with on-cell single-channel recording, SP application over the extra-patch region suppressed K ÷ channel activities recorded from the patched region, indicating that a messenger traveled from the extra-to the intra-patch region (remote effect). Second, the SP-induced inhibitions of the inward rectifier K ÷ channel (both the whole-cell effect and the remote effect using on-cell single-channel recording) were blocked by a specific PKC inhibitor, PKC(19-36). The SP-induced inhibition was also blocked by staurosporine with whole-cell recording. Third, a PKC activator (DOG) mimicked the SP-induced inhibition of the inward rectifier K ÷ channel (in both the whole-cell effect and the remote effect observed with single-channel recording). Fourth, the DOG effect (with whole-cell recording) was blocked by . Finally, in neurons pretreated with okadaic acid, SP produced an irreversible inhibition of the inward rectifier K ÷ channel (with both the whole-cell and single-channel recording techniques).
From these results, we conclude that the SP effect on the inward rectifier K ÷ channel is mediated by a diffusible messenger, not through a direct interaction of the G protein with the inward rectifier, that phosphorylation by PKC is an essential part of the signal transduction pathway, and that dephosphorylation is responsible for the recovery.
There are several reports that are relevant in formulating a hypothetical signal transduction pathway of the SP effect. It is known that SP accelerates the turnover of inositol polyphosphate metabolism by activating PLC (Hanley et al., 1980; Watson and Downes, 1983; Pfaffinger et al., 1988) . Also, Gq/11 activates PLC (Hepler et al., 1993) , and an increase in PLC activity leads to the activation of PKC via diacylglycerol (Nishizuka, 1984) . Therefore, based upon our data and past literature, the most plausible cascade for the signal transduction would be: activation of the SP receptor; activation of Gq~11; activation of PLC by Gq/~; hydrolysis of inositol phospholipids, resulting in PKC activation; phosphorylation of the inward rectifier K ÷ channel, causing channel closing; and dephosphorylation of the inward rectifier K + channel by a phosphatase 1 or 2A, resulting in the recovery from the SP effect.
Is the Substrate of PKC the Inward Rectifier K ÷ Channel Itself?, While we prefer the simple idea of direct interaction of PKC and the inward rectifier K ÷ channel, no evidence for this is yet available. In this regard, it is interesting to note that the amino acid sequences of the cloned inward rectifiers IRK1 (Kubo et al., 1993a) and GIRK1 (Kubo et al., 1993b; Dascal et al., 1993 ) contain a number of consensus PKC phosphorylation sites (four sites in IRK1 and nine sites in GIRK1; Kubo et al., 1993a Kubo et al., , 1993b Dascal et al., 1993) . Since PKC is a serine/threonine protein kinase (Nishizuka, 1984), our results suggest that the activation of PKC causes phosphorylation of the seryl and/or threonyl residues of the inward rectifier K ÷ channel, leading to the closure of the channel. Dephosphorylation of this site by serine/threonine phosphatases results in the recovery (reopening) of the inward rectifier K ÷ channel. The inward rectifier K ÷ channel of brain cholinergic neurons, which has not yet been cloned, may contain such consensus PKC phosphorylation sites, and one of these regions may be the closing gate.
The Mechanisms for the Opening of the Inward Rectifier K ÷ Channel
Several reports indicate that dephosphorylation induces the opening of several types of ion channels: Ca 2+ channels (Hescheler et al., 1988) , Ca2+-dependent K + channels (Reinhart et al., 1991; White et al., 1991) , and Aplysia S channels (Sweatt et al., 1989; Endo et al., 1991) . Our results indicate that the reopening of the inward rectifier K + channel is achieved by dephosphorylation. This, however, does not necessarily mean that an (active) opening of the inward rectifier K ÷ channel from the resting state by inhibitory transmitters (such as somatostatin or muscarine through the M2-type receptor) is also achieved by dephosphorylation.
The Identity of the Diffusible Messenger
Since lipide have higher lateral diffusion coefficients (around 1 i~m2/s) in membranes than do proteins (generally <0.O1 i~m2/s; Peters, 1981; Housley and Stanley, 1982) , we consider that diacylglycerol is a possible candidate for the diffusible messenger of the SP effect. Diacylglycerol may be able to reach the patch isolated by the pipette from the extra-patch region with sufficient rapidity by lateral diffusion through the inner part of the lipid bilayer. Another possibility is PKC itself. PKC exists in the cytosol as well as in membrane-associated forms (Nishizuka et al., 1991) , and the activated PKC may travel to the patch from the extra-patch region.
It is important to know whether the intramembranous lateral diffusion of diacylglycerol can accou nt for the speed of the SP effect. The latency of the SP-induced inhibition of the single-channel activity in on-cell mode (see Figure  2 ) was 4.4 _ 1.2 s (n = 7), while the latency.of the SP effect under the whole-cell mode was less than 1 s. An example of the geometry of the patch (pipette tip, 1 i~m diameter) is given' by Sakmann and Neher (1983) . If the total patched membrane (including both sealed membrane and free membrane) is unfolded, it would become a disc with a radius of 4.5 ~m, with an inner disc with a radius of 1.5 I~m (the inner disc is the free membrane). Thus, the problem is a radial diffusion in a disc from the edge to the inside (equation 5.22 and Figure 5 .3 of Crank, 1967) . Using the diffusion coefficient of 1 ilm2/s and this geometry, it can be shown that the concentration at the free membrane becomes 40% of that at the edge in 3 s, if the surface concentration is kept constant. (If we assume a one-dimensional diffusion in a plane sheet [ Figure 4 .1 of Crank, 1967] , then the concentration inside the free membrane becomes 20% instead of 400). Thus, our experimental data are not in conflict with the lateral diffusion.
If the lateral diffus!on of diacylglycerol is responsible for the remote effect, an even higher build-up of diacylglycerol might occur when the patch pipette contains SP, if there is sufficient amplificati0n from the receptors present in the patch. Although further experiments are necessary, our observation that chahn:el activity was rarely present just after seal formation with 0.3 ~M SP in the patch pipette is consistent with this hypothesis. It is noted that Selyanko et al. (1992) observed that muscarine could not inhibit M-channel activity from within the patch pipette.
Conclusions
Many studies have dealt with the involvement of PKC or diffusible messengers in the modulation of various channels. (e.g., M-current modulation: Higashida and Brown, 1986; Bosma and Hille, 1989; Selyanko et al., 1992; Ca 2+ channel modulation: Rane et al., 1989; Bernheim et al., 1991; Yang and Tsien, 1993) . However, we are not aware of any papers dealing with the role of PKC in the modulation of G protein-regulated inward rectifier K ÷ channels. This type of channel has not been well investigated in the past. Despite this lack of attention, these G proteinregulated inward rectifiers are important, not only because they are the effector channels for the vagal influence on cardiac rhythm, but also because they play a crucial role in neuronal excitability. In many neurons, transmitterinduced slow polarizations near the resting potential are caused by modulation of these channels. The results of the present experiments may be applicable to other slow excitatory effects in brain neurons. On the molecular level, the present data may serve to elucidate the chemical gating mechanism of G protein-regulated inward rectifiers.
After submitting this paper, a report on the role of PKC in the neurotensin-induced suppression of the inward rectifier appeared (Wu and Wang, 1995) .
Experimental Procedures Cell Cultures of Nucleus Basalis Neurons
Nucleus basalis neurons were cultured using the method reported previously Masuko et al., 1986) , with these major modifications: instead of trypsin, papain was used for dissociation, and the culture medium contained rat serum instead of fetal bovine serum. Briefly, forebrains were removed from 2-to 3-day-old postnatal Long-Evans rats (Charles River Laboratories, Inc.) that had been anesthetized with ether. Brain slices (300-400 p.m) were obtained using a vibratome (Lancer 1000), and from the slices the nucleus basalis was visually identified and isolated under a dissecting microscope. The isolated pieces of the nucleus basalis were treated with papain (12 U/ml) and dissociated by trituration. The culture medium consisted of a modified minimum essential medium with Earle's salt (88%), heatinactivated rat serum (2%; prepared in our laboratory), heatinactivated horse serum (10%), L-ascorbic acid (10 p.g/ml), penicillin (50 U/ml), streptomycin (50 ilg/ml), and 2.5s nerve growth factor (50 ng/ml). The minimum essential medium (GIBCO #11430-022)was modified by the addition of L-glutamine (0.292 mg/ml), NaHCO3 (3.7 mg/ml), and D-glucose (5 mg/ml). The dissociated cells were cultured in a small well made at the center of a 35 mm culture dish. Before plating the cells, the bottom of the well had been coated with rat collagen and a feeder layer of gila cells obtained from rat brains. The cultures were incubated at 37°C in air containing 10% CO2, usually for 10-18 days. Experiments were performed on large neurons (26-34 p.m in diameter) that were very likely to be cholinergic neurons .
E|ectrophyeiology
Experiments were performed with a List EPC-7 patch-clamp amplifier, using patch pipettes made from hard glass tubing (7052 glass, Garner Glass Co.), thoroughly washed, and coated with Sylgard. All experiments were performed at room temperature (20°C-23°C). All statistical values were expressed as mean _+ SD. When the effect of an agent was tested, 1-4 culture batches were used; the same number of control cells and test cells were sampled from each culture batch.
Whole-Cell Recording
The whole-cell patch-clamp technique (Hamill et al., 1981) was used. The general procedures were the same as in Koyano et al. (1994) . During the experiments, cells were constantly superfused with an oxygenated external solution. The standard external solution was 5 mM K ÷ Krebs solution containing 146 mM NaCI, 5 mM KCI, 2.4 mM CaCI2, 1.3 mM MgCI2, 5 mM HEPES-NaOH buffer, 11 mM D-glucose, and 0.5 p.M tetrodotoxin (pH 7.4). The standard internal solution contained 144 mM K-aspartate, 10 mM NaCI, 3 mM MgCI2, 0.25 mM CaCI2, 0.5 mM EGTA-KOH, 2 mM Na2-ATP, 0.1 mM Na3-GTP, and 5 mM HEPES-KOH (adjusted to pH 7.2 with 5 mM KOH).
The series resistance was measured by observing capacitance transients upon imposing step pulse commands under a high frequency response condition. In almost all experiments, the series resistance was partially compensated for electronically, and the error caused by the remaining resistance was also corrected for at the data analysis stage (Koyano et al., 1994) . The membrane potential was corrected for the liquid junction potential between the standard internal solution and the external standard solution, 12 mV (external solution positive).
Single-Channel Recordings
Single-channel recordings were made in the cell-attached mode of the patch clamp (Hamill et al., 1981) . The patch pipette solution was 156 mM KCI, 2.4 mM CaCI2, 1.3 mM MgCI2, and 5 mM HEPES-NaOH (pH 7.4). The bath solution was the same as the standard external solution used in the whole cell experiments. The pipette potential was corrected for the liquid junction potential between the bath solution and the patch pipette solution, 3 mV (bath solution positive).
Extracellular Drug Application
SP or DOG was applied by pressure ejection (5-7 kPa) through a thoroughly washed micropipette (drug pipette) made from soft glass (R6 glass, Garner Glass Co.). The tips of the drug pipettes were 4-6 I~m in diameter, and the distance between the tip and the soma was -40 p,m. When not in use, the drug pipette was kept in the air to prevent contamination of the superfusing solution. Okadaic acid was applied by superfusion. Each drug was dissolved in the external solution used in each experiment.
Intracellular Application of Protein Kinase Inhibitor Peptides
For whole-cell clamp experiments, protein kinase inhibitor peptidee were applied through the patch pipettes (pipette resistance, 2.0-3.5 M~). Peptide PKC(19-36) (20 pM) or peptide PK1(5-24) (20 p.M) was prepared from a stock solution (0.5 mM; stored at -80°C) by adding to the internal solution. After the rupture of the patch, 15-20 min was allowed for the peptide to enter the cell before starting the experiment. The criteria for accepting the data for statistics were: the resting potential was more negative than -60 mY, and the value of series resistance before compensation was not increased by more than 20% during the experiment.
For single-channel experiments, each of these peptides was dissolved into a carrier solution (100 mM KCI) at 500 pM and pressure injected (140-160 hPa for 0.3 s) into neurons through microcapillades (Femtotips, Eppendorf North America, Inc.) using an Eppendorf microinjection instrument. At the time of injection, a slight swelling of the cell was usually observed. The injected cells were identified by marking the bottom of the culture dish with a 30 gauge hypodermic needle. Physiological recordings were obtained 34-140 min after injection. During early stages of the experiments, we injected fluoresceinconjugated antibody (goat anti-rabbit antibody) together with these peptides and confirmed using the fluorescence microscope that the pipette solution was indeed injected into the neurons. However, SP effects were examined only in neurons injected with peptides without the fluorescent dye.
Data Analysis
The data were stored on computer diskettes and on video cassette tapes through a pulse code modulator (Instrutech Corp., VR-10A). The records were later analyzed with pCLAMP programs (version 5.5.1, Axon Instruments). For whole-cell records, digitization at 200 I~s was used. For single-channel analysis, the overall frequency response was set at 1 kHz (-3 dB by 8-pole Bessel filter) and digitized at 10 kHz. Transitions between the closed and open states were registered if a level crossed the threshold (set at approximately the midpoint between the two levels) and lasted longer than 100 p.s. Current amplitude histograms were fit to a single Gaussian function after omitting open times that were equal to or less than half of the mean open time (Colquhoun and Sigworth, 1983) . The value of the open probability of the patch (Npo) was determined by:
n-1
where N is the number of the channels in the patch, po is the open probability of an individual channel, and P(n) is the probability of the record to remain at the level at which n channels open simultaneously. Calculations up to N = 2 were sufficient for the present study. SP, , and peptide PK1(5-24) were obtained from Peninsula; okadaic acid and staurosporine from BiOMOL; and DOG from Calbiochem.
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